Premise of research. Phylogenetic relationships of Araucariaceae (Coniferophyta, Araucariales) are revised on the basis of the first combined data matrix for the family.
Introduction
Extant species of the conifer family Araucariaceae have a primarily Southern Hemisphere distribution. Most of the species are endemic to Australia, New Zealand, New Guinea, or New Caledonia, and just two species, Araucaria araucana and Araucaria angustifolia, are endemic to South America (Dettmann and Clifford 2005) . Extant diversity of Araucariaceae includes three genera: Araucaria and Agathis, both known from the nineteenth century, and the monotypic genus Wollemia, discovered ∼15 yr ago in New South Wales, Australia (Jones et al. 1995) . Extant species of Araucaria have been traditionally divided in four sections, Intermedia, Araucaria (pColumbea), Eutacta, and Bunya (Endlicher 1847; Wilde 1 Author for correspondence; e-mail: iescapa@mef.org.ar. April 2013; electronically published September 9, 2013. and Eames 1952; Stockey 1982) , which have been morphologically delimited (Wilde and Eames 1952) and subsequently retrieved in molecular phylogenetic analyses (Setoguchi et al. 1998) .
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Araucariaceae has an extremely rich fossil record, which demonstrates that during the Mesozoic, the family had a wide distribution in both the Northern and Southern Hemispheres (Stockey 1982 (Stockey , 1994 Stockey and Ko 1986; Hill 1995; Del Fueyo and Archangelsky 2002; Axsmith et al. 2008) . This fossil record is particularly diverse from the Early Jurassic to the Late Cretaceous, while older occurrences are less common and are often based on ambiguous identifications (Rothwell et al. 2012) . Among the three living araucarian genera, Araucaria has the most extensive and diverse fossil record (Hill and Brodribb 1999) . However, many remains assigned to Araucaria, in general, those preserved as impressions, have doubtful affinities with the genus and even with the family (Stockey 1982; Dettmann et al. 2012) . This is particularly evident for pre- Jurassic isolated vegetative remains, such as isolated leaves and wood, which have numerous homoplastic features and therefore could be related to other conifer families.
Previous phylogenetic analyses in Araucariaceae were all based on molecular information exclusively. Setoguchi et al. (1998) performed a phylogenetic study including 30 species (Wollemia nobilis, 19 Araucaria spp., and 10 Agathis spp.) based on rbcL gene sequences. Other molecular phylogenetic analyses of this family were published but also with reduced taxon-and gene-sampling regimes (Gilmore and Hill 1997; Stefenon et al. 2006; Kunzmann 2007; Codrington et al. 2009; Liu et al. 2009 ). Despite the differences in gene and taxon sampling, these analyses agree in the monophyly of Araucariaceae and its three genera, with high support in most cases. However, a major discrepancy among the studies appears in interrelationships of the three extant genera, as the three possible relationships among them have been retrieved in different analyses ( fig. 1 ). Gilmore and Hill (1997) , Kunzmann (2007) , and Liu et al. (2009) retrieved Wollemia as sister to Agathis, with Araucuaria at the base of this clade. This hypothesis is also supported by an analysis that included representatives of all living conifer families (Stefanovic et al. 1998; Leslie et al. 2012) . On the other hand, Setoguchi et al. (1998) obtained Wollemia as the sister group to a clade formed by Agathis and Araucaria. Finally, Codrington et al. (2009) retrieved the remaining possible topology, with Wollemia and Araucaria forming a clade sister to Agathis. Similar discrepancies have been obtained for the relationships among the four extant sections of Araucaria. In contrast to the various molecular-based analyses performed to date, there have been no comprehensive phylogenetic analyses of Araucariaceae based on morphological data, although the potential systematic value of morphology has often been discussed within the context of gymnosperm and conifer evolution (Miller 1988 (Miller , 1999 Rothwell and Serbet 1994; Doyle 1996) .
Several empirical and theoretical studies emphasized the importance of an extensive taxon and character sampling in order to obtain stable phylogenetic hypotheses (Graybeal 1998; Hillis 1998; Goloboff et al. 2009 ). Additionally, the combination of molecular and morphological information benefits from the large amount of available molecular data makes possible the inclusion of both fossils and extant species in the same analysis. Within this context, we performed phylogenetic analyses that combine the first morphological matrix for Araucariaceae and a large molecular data set. Taxon sampling includes more than the 80% of the extant species of Araucariaceae, a large number of outgroups belonging to all extant conifer families, and eight fossils from the Jurassic and Cretaceous of the Northern and Southern Hemispheres. Finally, we explored the effect of outgroup, ingroup, and character sampling on the relationships of the araucarian genera to test whether taxon-and/or gene-sampling regimes are possible causes for the disparate results obtained in previous phylogenetic studies of the Araucariaceae family.
Material and Methods

Molecular Data
The molecular data set was built including all the available DNA sequences of conifers from GenBank that can be potentially informative for (i) solving the relationships within Araucariaceae, (ii) testing Araucariaceae monophyly, and (iii) assessing the position of Araucariaceae within Coniferales (app. A). The data set was built with the aid of GenBank-to-TNT (Goloboff and Catalano 2012) . This is a pipeline for easily creating molecular matrices, starting from GenBank files and finishing with phylogenetic matrices that can be read by the program TNT (Goloboff et al. 2008) . The final molecular data set included 23 genomic regions: 19 belonging to the plastid genome (16s, rbcL, matK, nadhF, nadhB, accD, atpB, atpF, nadhJ, psbB, psbD, rpoB, rpl2, rpoC1, rps4, trnDtrnT, rps12) , two belonging to the nuclear genome (18s, 26s), and two belonging to the mitochondrial genome (atpI, coxI). Nucleotide sequences were aligned with Mafft (Katoh et al. 2005; Katoh and Toh 2008) . The total number of aligned sites was 28,621. Gaps where considered missing. Data sets and resulting trees can be downloaded from http:// www.mef.org.ar/iescapa.
Morphological Data
The morphological data set comprises 62 morphological characters (app. B, available online), scored for all the species of Araucariaceae included in the molecular data set and for 10 outgroup species (table B1, available online). Ten morphological characters represent measurements of different structures (table B1) . Characters varying in a continuous scale were traditionally discretized before their inclusion in phylogenetic analyses. However, Goloboff et al. (2006) have developed a procedure for including both characters that change on a continuous scale and discrete characters (morphological and/or molecular) in a combined phylogenetic analysis. By treating continuous characters as such, the transformation cost among states is the numerical difference between the values of the different measurements. This approach to analyzing continuous characters requires taking the scale of measurements into account; otherwise, the weight of a character may change according to the particular units of measurements (e.g., mm, cm, m). Hence, a standardization step needs to be added to the procedures. In our case, the complete range of each character was standardized as equivalent to one step of a discretely coded character (i.e., a change between the two most dissimilar states in each continuous character has the same cost as one step in a discrete character). When known, the natural variation among individuals of each taxon for a particular continuous character was scored as a range. Character scorings were based on the study of herbarium specimens (Botany Collections of the Field Museum, Chicago; LH Bailey Hortorium, Cornell University, New York; and National Herbarium of Victoria, Melbourne, Australia) for extant species and on paleobotanical collections and specialized literature for fossil species (Colecció n Paleobotá nica, Museo Paleontoló gico Egidio Feruglio, Trelew, Argentina; Paleobotanical Collections, Natural History Museum and Biodiversity Institute, University of Kansas, Lawrence; Ohio University Paleobotanical Herbarium at the Field Museum, Chicago). The morphological matrix was assembled with the aid of Mesquite software (Maddison and Maddison 2009 (Cantrill and Raine 2006; Dettmann et al. 2012) . Fossil araucariaceous species included in our study (table 1) are mostly represented by isolated permineralized ovulate cones, in which morphological external features are frequently preserved together with internal anatomical details (Stockey 1975; Stockey et al. 1992; Cantrill and Raine 2006; Dettmann et al. 2012) . Miller (1999) discussed the reasons for emphasizing ovulate cones in conifer phylogenetic analyses: in absence of proper whole-plant reconstructions (i.e., confirmed relationships of different isolated organs), conifer ovulate cones may constitute the structure preserving the major number of informative features. In contrast, the other commonly found conifer organs in the fossil record (microsporagiate cones, pollen, wood, and leaves) are more limited in terms of their morphological variability (de Laubenfels 1953; Miller 1999) . The lack of Agathis and Wollemia fossil species in our study is, in this context, easily explained by the lack of permineralized ovulate cones of these genera in the fossil record (Kunzmann 2007) . The construction of a morphologically based phylogenetic hypothesis including fossil species preserved as impressions/compressions may require the inclusion of a higher number of continuous morphological traits, including characters describing shape variation (e.g., pollen cones in Agathis). Characters for additional organs were also scored for few fossil species in which the ovulate cone has been found in organic connection with other organs (e.g., E. microcarpa).
Outgroup. A total number of 306 species belonging to all extant conifer families (app. A) were included as outgroups in the molecular data set. We incorporated this large number of outgroups to test the monophyly of Araucariaceae and evaluate the possible effect of outgroup sampling on the resulting relationships within the family (see below). We followed the systematic treatment of Farjon (2010) for extant species-level taxonomy and that of Christenhusz et al. (2011) for suprageneric taxonomy.
Phylogenetic Analyses
In addition to the combined analysis that included all species (extant and fossils) and all data (molecular and morphological), three complementary analyses were conducted: morphological data for all the species, morphological data for extant species, and molecular data for extant species.
Phylogenetic searches were conducted in TNT (Goloboff et al. 2008) , using equally weighted parsimony as an optimality criterion. The parsimony analysis departed from 50 random addition sequences (RAS) followed by tree-bisection-reconnection. The resulting trees were submitted to a combination of Ratchet (default options), Tree Drifting (default options), and Sectorial Searches (with Exclusive, Constrained, and Random selection for the sectors). Group support was assessed and also by absolute jackknifing frequencies with the following settings: five RAS per replicate followed by Tree Drifting and Sectorial Searches and an independent probability of character removal of 0.36 (Goloboff et al. 2003) . To evaluate hypotheses of relationships that did not appear in the optimal trees, we ran constrained searches forcing the appearance of the groups of interest. The constrained searches were run using the same settings as those considered in the original searches.
Phylogenetic (Nixon and Carpenter 1996) . In the "total evidence approach" (Kluge 1989) , all the available information is integrated in a simultaneous analysis in order to find the most parsimonious hypotheses (Kluge 1989; Nixon and Carpenter 1996) . We agree with many different authors in considering the total evidence approach as the best approach to phylogenetic inference. In that sense, our results will be discussed following combined analyses (figs. 2-4), which are illustrated and considered the best hypothesis for all the available information. Complementarily, results of single data sets are also compared to evaluate the phylogenetic signal of the different partitions.
Evaluating Sampling Effects
In order to evaluate the causes of the discrepancy among previous phylogenetic analyses in Araucariaceae (see above), we evaluated how taxon and gene sampling affect the monophyly and interrelationships of the three extant genera of Araucariaceae. The effect of the outgroup sampling was evaluated by generating new matrices, each one including the ingroup and the species of a single conifer family as the outgroup. On the other hand, the ingroup sampling effect was evaluated by analyzing matrices that included a reduced number of species of Agathis and Araucaria (1, 2, 5, and 10). The analyses were replicated using 100 randomly selected taxon sampling regimes for each number of ingroup species. Finally, to evaluate the effect of gene sampling on the results, we repeated the previous analyses but in this case including only rbcL sequences because this gene is the one with the largest number of species sequenced and one of the most commonly used in previous studies (Setoguchi et al. 1998 ). The sensitivity analyses described above required analyzing more than 1000 matrices. These analyses were performed in an automated way via scripts written in TNT macro language (available from the authors on request). The tree search settings were the same as for the original matrix (see above).
Results
Phylogenetic Analyses of Extant Araucariaceae
Combined data. The combined analysis included 4569 parsimony-informative molecular characters and 59 parsimony-informative morphological characters. Parsimony search of the combined matrix resulted in 11000 most par- simonious trees (MPT) of 15,175.20 steps (figs. 3, 5) . In this case, as in all the remaining analyses performed, the searches were ended after consensus stabilization. We rooted the trees in the branch leading to Pinaceae because it has been repeatedly obtained as sister of the remaining extant conifer families (Chaw et al. 1997; Stefanovic et al. 1998; Bowe et al. 2000; Quinn et al. 2002) . mation is also congruent with the combined analysis in terms of relationships within Araucariaceae ( fig. 3) .
Morphological data. The morphological data set including only the extant species has 60 parsimony-informative morphological characters out of the 62 morphological characters included in the data matrix. Parsimony analysis of this matrix resulted in 22 MPT (tree length 136.6). The relationships of Araucariaceae obtained from this data set are mostly congruent with those found in both the combined and molecular analyses ( fig. 3 ). Major points of congruence among the results of the morphological, molecular, and combined analyses are the relationships among the three extant genera of Araucariaceae and the monophyly of Araucariaceae, Agathis, Araucaria, and all nonmonospecific Araucaria sections (Eutacta and Araucaria). The relationships among the sections of Araucaria are also mostly congruent; Araucaria is basally split into two main clades, one including the sections Intermedia, Bunya, and Araucaria and the other including section Eutacta. However, the clade formed by Intermedia and Bunya in the results of both the molecular and combined analyses is not supported in the morphological analysis.
Phylogenetic Analyses of Extant and Fossil Araucariaceae
Combined data. The parsimony analysis of the combined matrix in TNT resulted in 11000 MPT of 15,186.31 steps. This analysis recovered the monophyly of extant and fossil Araucariaceae, and the outgroup relationships are identical to those obtained for the analysis limited to extant species ( fig.  2 ). Araucaria and Agathis are recovered as monophyletic, as are the Araucaria sections. The two recently described araucariaceous genera, Emwadea and Wairarapaia, were obtained as part of the stem of the agathioid clade ( fig. 4) , whereas all fossil species referred to the genera Araucaria and Araucarites cluster with extant species of Araucaria, forming a monophyletic group (i.e., Araucaria; fig. 4 ).
Morphological data. Parsimony analysis of the morphological matrix including extant and fossil taxa resulted in 210 Species in the New Caledonian clade were color-coded following the systematic proposal of Gaudeul et al. (2012) : coastal species p dark blue; small-leaved species p light blue; large-leaved species p red. Species within the green background are included in the newly defined smallleaved clade. Maximum leaf length, one of the continuous characters included in the matrix, is illustrated (gray lines) because it was considered taxonomically informative (see "Discussion").
MPT of 134.4 steps. As in the combined analysis, the monophyly of Araucariaceae, Agathis, and all Araucaria sections is supported by the morphological data set, indicating a high degree of congruence among different data partitions. The main differences are found in the internal relationships of Agathis and section Eutacta (fig. 4) .
Sampling Influence on Araucariaceae Phylogeny
The results of the phylogenetic analyses including only one family of conifer as outgroup were identical (regarding the main relationships within Araucariaceae) to those obtained in the complete data set providing support for the monophyly of Araucaria, Agathis, and Araucariaceae, as well as for positioning Wollemia as sister to Agathis. These results suggest that in the context of our data set, the taxon sampling of outgroup taxa does not deeply affect the relationships retrieved for ingroup taxa.
In contrast, the analyses of matrices with a reduced number of ingroup taxa show a strong effect on the relative position retrieved for the three extant genera of Araucariaceae ( fig. 6 ). In this sense, the results are more variable when the ingroup sampling is subsequently reduced (fig. 6 ). The sister group relationship of Agathis and Wollemia, supported by our complete analysis, is recovered in only 78% of the reduced data matrices when single species of Araucaria and Agathis were included. However, all data matrices that included at least five species of these two genera retrieved the sister group relationship of Agathis and Wollemia ( fig. 6 ). It is interesting to note that when the taxon sampling is extremely reduced (i.e., one species per genera), the hypothesis that places Agathis and Araucaria as sister groups is recovered in 18% of the consensus trees, while trees in which Araucaria and Wollemia are sisters are never recovered. These two alternative hypotheses for generic relationships are markedly suboptimal within the context of our data set. Results of constrained tree searches indicate that trees supporting the monophyly of Araucaria and Wollemia require at least 37 extra steps and trees supporting the monophyly of Araucaria and Agathis require at least 39 extra steps.
Given that the original combined data matrix had uneven sampling among the analyzed genes, it is possible that some of the reduced data matrices resulted in taxon samplings that lack enough overlapping between the sequences of species of the three genera. If that happens, what is being evaluated is more the combination of gene and taxon sampling than the taxon sampling itself. Consequently, we performed a second round of analyses in which we analyzed how the taxon sampling affects the phylogenetic results using a single gene matrix (rbcL; fig. 6 ). In these analyses the relationships among the genera were affected in some of the reduced matrices, showing patterns similar to those obtained for the analyses with the complete gene sampling: larger effects when smaller numbers of taxa were sampled ( fig. 6 ). The results derived from the analyses of the rbcL matrix are in agreement with those obtained for the complete matrix ( fig. 6 ), suggesting that poor gene sampling was not a major cause for explaining the discrepancies among previous studies ( fig. 1 ). These analyses altogether represent additional support for the generic relationships proposed in this article.
Discussion
Relationships of Extant Araucariaceae
The phylogenetic relationships among conifer families obtained in the simultaneous analysis and, in particular, the position of Araucariaceae as sister to Podocarpaceae are in agree- ment with previous phylogenetic hypotheses for the group (Chaw et al. 1997; Stefanovic et al. 1998; Bowe et al. 2000; Magalló n and Sanderson 2002; Quinn et al. 2002; Rai et al. 2008; Leslie et al. 2012 ) and also with the recently proposed classification of Christenhusz et al. (2011) , in which Araucariaceae and Podocarpaceae belong to the order Araucariales. Today, most of its diversity is restricted to the Southern Hemisphere. Both families are extremely divergent in morphology and anatomy, which is particularly evident in the ovulate cones (de Laubenfels 1988; Farjon 2010) . However, the timing and pattern in which these morphological changes occurred are mostly unknown as a result of the lack of well-reconstructed fossil species of the stem groups of Podocarpaceae and Araucariaceae or even the order Araucariales.
Araucariaceae. The monophyly of Araucariaceae, which has been previously supported by several molecular phylogenetic analyses, is here recovered analyzing the morphological, molecular, or combined data set. Strong support values for the Araucariaceae clade are provided mainly by the molecular partition, although this family is also recovered when the morphological data are analyzed alone ( fig. 3) . A total of six unambiguous morphological synapomorphies common to all the MPT (characters 1, 4, 5, 6, 16, 61) support the monophyly of Araucariaceae. Four of these are continuous (characters 1, 4, 5, 6), and another two are discrete characters: the presence of bract/scale complexes spreading from the ovulate cone at maturity (character 16) and the number of chromosomes (character 61). Ararucariaceae also has a large number of ambiguous morphological synapomorphies. This ambiguity is explained mainly by the lack of morphological information in several outgroups (see "Material and Methods"), together with the extreme morphological divergence that exists between Araucariaceae and its sister clade Podocarpaceae. For instance, most araucariaceous bract/scale complexes are characterized by the presence of lateral extensions (character 21), which are absent in Pododocarpaceae. Consequently, in order to determine the plesiomorphic state of this character (and which family has a synapomorphy for this condition), the sister group to order Araucariales must be compared and scored in the same phylogenetic analysis. If exclusively living plants are considered, the sister group of Araucariales is the order Cupressales ( fig. 2) , which not only is morphologically divergent with respect to Araucariales but also displays considerable internal variability in most morphological traits (Farjon 2005) and therefore probably leads to ambiguous comparisons. A key point to solve this uncertainty would be the identification of fossil taxa placed in a basal position respecting Araucariales, which will allow determining the ancestral and derived states for bract/scale complex characters. In this context, it seems that the ability of morphological studies including only extant species is severely limited for determining the plesiomorphic and apomorphic conditions of cone characters given the large morphological gap among extant lineages. Furthermore, such a morphological gap could lead to rooting problems while evaluating the evolution of conifers using morphological data from extant species alone.
The basal split: Araucaria and the agathioid clade. The basal split of Araucariaceae leads to two strongly supported clades ( fig. 3) : the genus Araucaria and the agathioid clade formed by Agathis and Wollemia. This is in agreement with different previous molecular studies (Gilmore and Hill 1997; Kunzmann 2007; Liu et al. 2009 ) and in disagreement with others (Setoguchi et al. 1998) . The low number of informative characters has been postulated as the main cause for the disagreements of previous phylogenetic studies (Codrington et al. 2009 ). It is interesting to note that, by definition, only three rooted phylogenetic hypotheses are possible to explain the relationships among three monophyletic genera and all of them have been postulated by previous studies ( fig. 1) . Therefore, the controversy around the relationships among living araucarian genera represents a rooting problem. This is particularly relevant since inaccurately rooted trees result in confusing evolutionary and taxonomic inferences, as well as hypotheses of character evolution (Graham et al. 2002) . In this context, the sensitivity analyses here performed suggest that ingroup sampling is much more influential than other factors (outgroup selection or gene sampling) for retrieving the monophyletic agathioid clade as the sister group of Araucaria.
The monophyletic status of Araucaria is supported by three morphological unambiguous synapomorphies common to all MPT: an increase in the seed length (character 2, continuous), the absence of seed abscission (character 28), and the pinnate arrangement of the last-order branches (character 60). Additionally, the genus is also diagnosed by an ambiguous synapomorphy: the presence of thinly extended bract/scale complexes (character 22). This feature supports Araucaria only under accelerated transformation character optimization. The ambiguous reconstruction is explained by both homoplasy and the absence of lateral extensions in A. araucana and A. angustifolia, which result in inapplicable scorings for these taxa. On the other hand, the agathioid clade is supported by three unambiguous synapomorphies: the presence of a proximal scallop on the bract/scale complexes (character 17), the equal length in bract and scale (character 20), and the presence of integumentary wings on the seed (character 29). Additional ambiguous synapomorphies supporting the agathioid clade are explained mostly by the lack of information or/and the presence of some polymorphic conditions in Wollemia nobilis.
Independently of the unambiguous or ambiguous character optimization that defines the Araucaria and the agathioid clades, the two clades are distinct morphologically and are also strongly supported. For instance, if we consider ovulate cone features, the agathioid clade can be diagnosed as having The bract/scale complex tissues covering the seed(s) are a key feature that has been discussed in the context of conifer evolution (Miller 1977; Escapa et al. 2012b ). The early divergence of Araucariaceae in two morphologically divergent clades has implications for testing previous hypotheses on the evolution of the bract/scale complex. The absence of seedcovering tissues in Agathis and Wollemia ( fig. 3 ) has been repeatedly postulated as the plesiomorphic condition of Araucariaceae (Chambers et al. 1998; Setoguchi et al. 1998; Cantrill and Raine 2006) . This and similar hypotheses postulated for leaves and other organs were based on a different phylogenetic hypothesis for the family, in which Wollemia is sister to a clade formed by Agathis and Araucaria ( fig. 1 ). In the context of our analysis, the basal node of the agathian clade is optimized as bearing nonembedded seeds, whereas Araucaria is characterized by the presence of embedded seeds. Therefore, determining the plesiomorphic condition of Araucariaceae for this character requires scoring this feature in the outgroups. Podocarpaceae has been consistently considered the sister group of Araucariaceae in numerous phylogenetic analyses. Ovulate cones in most Podocarpaceae consist of one or more fertile units, each composed of a fertile bract subtending an axillary epimatium that bears a single adaxial inverted ovule. In our matrix, the podocarpaceous epimatium was postulated as homologous to the bract/scale complex tissues enclosing the seed in Araucaria (table B1) because it represents the most accepted theory (Tomlinson and Takaso 2002) . However, the reconstruction of this character on the MPT is ambiguous for Araucariaceae, and therefore, it is not possible to support one state as derived or primitive for this character. Also, we consider that the preliminary homology hypothesis here contemplated still needs to be carefully evaluated (Tomlinson 1992) .
Based on these results, some old questions remain unanswered: which is the plesiomorphic condition of the ovulate cone in Araucariaceae? What are the homology relationships between the highly modified araucariacean cones and the podocarpaceous seed cone? As discussed above, the answers to these and similar questions will need more than strongly supported multigene or morphological phylogenetic analysis of extant species; fossil taxa from the stems of Podocarpaceae and Araucariaceae will be needed in order to clarify these aspects of conifer evolution. For instance, Pararaucaria patagonica (Cheirolepidiaceae), from the Middle Jurassic of Argentina, has ovuliferous scale tissues that partially enclose a single seed (rarely two ; Calder 1953; Stockey 1977) . Interestingly, covering tissues in Cheirolepidaceae have previously been interpreted as an epimatium (Clement-Westerhof and van Konijnenburg-van Cittert 1991; Del Fueyo et al. 2008; contra Escapa et al. 2012a contra Escapa et al. , 2012b ) based on the positional congruence between this ovule-enclosing tissue and the podocarpaceous epimatium. Nevertheless, phylogenetic relationships between the extinct Mesozoic family Cheirolepidaceae and other modern conifer families (e.g., Araucariaceae, Podocarpaceae, Pinaceae) are not fully understood, and any proposed homology hypotheses for these ovulate cone traits are still quite speculative. Further studies should include this and other extinct taxa in the data matrix in order to test the potentiality to resolve the origin of some modern conifer families (e.g., Pinaceae, Araucariaceae).
The four extant sections of Araucaria. Within Araucaria, four sections have been classically recognized (i.e., Intermedia, Bunya, Araucaria, Eutacta), all of which have been recovered as monophyletic in the analyses of the combined, molecular, or morphological data sets ( fig. 3 ). An early divergence event in the genus produced two main clades: one corresponding to section Eutacta (15 spp.) and the other including species of the sections Bunya (1 sp.), Intermedia (1 sp.), and Araucaria (2 spp.). The molecular information included in the combined matrix strongly supports this basal split, but the same nodes are also recovered in the morphological analysis ( fig. 3) . The araucarian sections were originally proposed on the basis of morphological differences (White 1947; Wilde and Eames 1952; Stockey 1982 Stockey , 1994 and subsequently supported by most molecular phylogenetic analyses (Setoguchi et al. 1998 ). Other studies rejected some sections but with low support values (Liu et al. 2009; section Araucaria) .
Following Farjon (2010) , section Eutacta includes 15 species, all of which have been included in this study. This primarily New Caledonian clade is supported by five unambiguous morphological synapomorphies common to all the MPT (characters 8, 34, 41, 45, 47) in the combined analysis. The internal relationships retrieved by the molecular and combined data sets for Eutacta are not supported by the analysis of morphological data alone ( fig. 3) . As in the case of the relationships within Agathis ( fig. 3) , the morphological evidence is still insufficient for solving the relationships within this clade, and more detailed morphological character sampling must be achieved. However, one potential limitation, if a more detailed analysis is intended, is that detailed anatomical and morphological descriptions for the species of Eutacta are available only for some structures (e.g., leaf cuticles; Stockey and Ko 1986) or taxa, and other organs and species are still incompletely known. In the combined analysis, the internal relationships of Eutacta show good resolution and support ( fig. 3) . Araucaria cunninghamii, distributed mainly in New Guinea and Australia, and Araucaria heterophylla, distributed in Norfolk Island, are placed basally on section Eutacta, whereas all the New Caledonian species form a well-supported, derived monophyletic group (fig. 3) . The same relationships have also been recovered by several other molecular analyses (Setoguchi et al. 1998; Stefenon et al 2006; Gaudeul et al. 2012; contra Graham et al. 1996) The New Caledonian clade of section Eutacta is often in-terpreted as resulting from relatively recent dispersion and radiation events (Gaudeul et al. 2012 ). The hypothesis is supported by geological evidence that indicates New Caledonia was completely submerged during the Paleocene and Eocene (Aitchison et al. 1995) . This insular clade of section Eutacta has extremely poor internal resolution in previous phylogenetic studies (Setoguchi et al. 1998) , which has been attributed to the low divergence of the molecular markers analyzed. More recently, three monophyletic groups were defined on the basis of a phylogenetic analysis using AFLP markers (Gaudeul et al. 2012 ): a group including coastal species ( fig. 5, dark blue) , a "small-leaved species" group ( fig. 5, light blue) , and a "largeleaved species" group ( fig. 5, red) . Our analysis shows several points of agreement with this scheme: the coastal species are recovered as a monophyletic group, the small-leaved species also form a clade, but with a "large-leaved" species (Araucaria humboltensis) nested within it, while the remaining four largeleaved species are clustered in a clade (i.e., Araucaria biramulata, Araucaria laubenfelsii, Araucaria rulei, Araucaria montana). Finally, Araucaria muelleri occupies a basal position in the New Caledonian clade ( fig. 5 ). The main differences with previous studies are centered on the interrelationships of these groups. While in our study the coastal species are sister to the small-leaved species, in the analysis of Gaudeul et al. (2012) the small-leaved clade is sister to the large-leaved species. Interestingly, species in the coastal group have mature leaves that can be considered "small" (fig. 5) , and therefore, a new "small-leaved" clade including species with coastal and internal distribution can be defined according to our results ( fig. 5, green) . Araucaria humboltesis, which is nested in this group but was previously included in the large-leaved group, has leaves that are more similar in size to the small-leaved group ( fig. 5 ) than to large-leaved species. Consequently, mature leaf length (character 8) and mature leaf width (character 9) are morphological unambiguous synapomorphies of the newly defined small-leaved group ( fig. 5, green) . In this context, it seems that continuous traits such as leaf size can be useful resolving the phylogenetic relationships of groups with recent diversification and reduced morphological divergence, where classic discrete characters may lack sufficient variation (Escapa and Pol 2011) . The clade formed by Bunya ϩ Intermedia ϩ Araucaria is supported by five unambiguous morphological synapomorphies of continuous characters (characters 0, 1, 2, 4, 9), and other features represent ambiguous synapomorphies. The ambiguous reconstruction is explained by both homoplasy and the absence of lateral extensions in Araucaria araucana and Araucaria angustifolia, which result in inapplicable scorings for these taxa (e.g., presence of thin bract/scale lateral extensions and epigeal germination and absence of fleshy seedlings). Within this clade, A. araucana and A. angustifolia (of the South American section Araucaria) are sister to a clade including Araucaria bidwilli and Araucaria hunsteinii (sections Bunya and Intermedia), in agreement with previous phylogenetic analyses (Setoguchi et al. 1998) . Section Araucaria is supported by two unambiguous morphological synapomorphies common to all the MPT: a high degree of ovuliferous scale and bract fusion, which results in a relictual ovuliferous scale, or "ligule" (character 19), and the absence of lateral extensions on the bract/scale complexes (character 21). On the other hand, presence of basally reduced leaves (character 50) is the only unambiguous morphological synapomorphy supporting the monophyly of the Bunya ϩ Intermedia clade. Also, the morphology of the bract/scale lateral extensions (character 22), which is thin in A. hunsteinii and woody in A. bidwillii (Stockey 1982) , and the germination type (character 42), which is cryptogeal in A. bidwillii and epigeal in A. hunsteinii (Wilde and Eames 1952; Burrows et al. 1992; Burrows and Stockey 1994) , represent additional ambiguous morphological synapomorphies of this clade. In particular, the presence of hypogeal germination has been considered the plesiomorphic condition for Araucariaceae (Haines 1983) . Nonetheless, the sister group relationship of A. hunsteinii and A. bidwillii, exclusively supported by the molecular data ( fig. 3) , rejects the proposed validity of this character as an unambiguous synapomorphy of sections Araucaria and Bunya. It is interesting to note that by analyzing the morphological data set alone, we recover the monophyly of the clade formed by sections Araucaria and Bunya, with A. hunsteinii as the sister species of this clade, which explains the previous morphologically based theories about the relationships of those species.
Agathis. The monophyly of Agathis is strongly supported by molecular, morphological, and combined analyses ( fig. 3) . The genus is defined by five unambiguous morphological synapomorphies (characters 3, 9, 31, 54, 55), most of which have previously been included in the diagnosis of the genus (Whitmore 1980; Stockey and Taylor 1981; de Laubenfels 1988; Stockey and Atkinson 1993; Stockey 1994 ). The internal relationships of Agathis obtained here are consistent with previous molecular phylogenetic analyses (Setoguchi et al. 1998; Stockler et al. 2002) . The basal position of Agathis australis and the presence of a clade formed by the species endemics to New Caledonia (i.e., Agathis montana, Agathis ovata, Agathis moorei, Agathis lanceolata) are strongly supported by our analyses ( fig. 3 ) and represent the major points of agreement. All the remaining species of the genus are part of a monophyletic group, sister to the New Caledonian clade, which has a broad geographic distribution including Australia, Borneo, Malay Peninsula, Sumatra, Malaysia, and Fiji (Farjon 2010 ). De Laubenfels (1988 divided Agathis in three sections (i.e., Agathis, Rostrata, and Prismatobracteata), basically distinguished by the angle present in the dorsal part of the microsporophyll and the presence or absence of a beak on the bract/ scale complex (de Laubenfels 1988) . Subsequently, Stockey and Atkinson (1993) demonstrated that the sections are not consistent with morphological and cuticular leaf characters. The results of our analysis, which are defined mostly by the molecular evidence, strongly contradict the monophyly of these sections ( fig. 3 ).
Phylogenetic Position of Fossil Araucariaceae
All of the fossil species included in our analyses formed a clade with extant species of Aracuariaceae on both the combined and morphological analyses (fig. 4) . These results support that idea that permineralized conifer seed cones preserve enough morphological and anatomical information to support the assignation to the crown group Araucariaceae. A similar hypothesis was tested for other conifer families using a mor- phological data matrix based on an ovulate cone characters from extant and extinct taxa (Rothwell et al. 2009 ). Considering the relationships proposed in this article (figs. 3, 4), Araucariaceae is basally split in two morphologically distinctive clades, Araucaria and the agathioid clade. The first accepted record of the genus Araucaria dates from the Early Jurassic (Rothwell et al. 2012 and citations therein), and therefore, the first diversification of the family must have occurred at least during this time. The Araucaria lineage has a diverse and continuous record across the Mesozoic and Cenozoic, including species with preserved anatomy (some of which were included in this article) and numerous other taxa known from compressions and impressions that have a cosmopolitan distribution (Kendall 1949; Stockey 1975 Stockey , 1978 Stockey , 1980a Stockey , 1980b Harris 1979; Hill and Brodribb 1999; Dettmann and Clifford 2005; Kunzmann 2007; Axsmith et al. 2008; Panti et al. 2011) . Within Araucariaceae, Araucaria is the genus best represented in the fossil record. In particular, its Mesozoic record is notoriously diverse and distributed on both hemispheres. Five of the fossils species included in our analyses, previously assigned to the genus Araucaria (table 1), are recovered, forming a monophyletic group with the extant species of Araucaria ( fig.  4 ). In addition, Araucarites bindrabunensis, suggested to be part of the genus Araucaria by Stockey (1982) , appears in the same clade. A single unambiguous morphological synapomorphy supports this clade in all the MPT: the absence of seed abscission (character 28). Several ambiguous synapomorphies also support this clade, as noted above for the extant Araucaria species. The strict consensus of the MPT shows five of the fossil Araucaria species forming a basal polytomy ( fig. 4) and Araucaria sphaerocarpa as the sister group of the clade formed by all extant species of the genus.
The basal position of all the fossil species of Araucaria can be considered preliminary, given that these taxa are almost exclusively represented in our data matrix by information from the ovulate cones. Morphological characters supporting the internal relationships of extant Araucaria in our data set are related to all the analyzed structures (e.g., leaves, pollen cones), so that information from different organs in these extinct taxa (i.e., reconstructing "whole plants") may alter their phylogenetic position. So far, the analyzed information does not support the placement of any of the fossil taxa in the crown group of the genus Araucaria or in one of its four sections (table 1) . For instance, Araucaria mirabilis from the Middle Jurassic of Patagonia (Argentina) and Araucaria sphaerocarpa from the Middle Jurassic of England have been repeatedly related to section Bunya, given the anatomical and morphological similarities of their ovulate cones (Stockey 1982) .
It is interesting to note that recent molecular clock estimates (Crisp and Cook 2011; Leslie et al. 2012) have inferred the divergence of the Araucaria crown group to be as old as the Paleogene (Crisp and Cook 2011) or the Paleogene/Late Cretaceous (Leslie et al. 2012) . Our results are consistent with these estimates given that all the analyzed fossils are older than the Late Cretaceous but are placed as part of the stem group of Araucaria.
In contrast, the fossil record of the agathioid clade is much more scarce and limited to Cretaceous and Cenozoic leaf remains, pollen cones, and pollen (Chambers et al. 1998; Kunzmann 2007) . Our analyses support the placement of the extinct Wairarapaia mildenhallii and Emwadea microcarpa (table 1) as the stem of the agathioid clade. The close relationship of these species with Agathis and Wollemia was previously suggested (Cantrill and Rain 2006; Dettmann et al. 2012 ) based on the numerous shared features in the ovulate cones (e.g., seed winged, free from the bract/scale complex). As we explained before, several of these features represent ambiguous synapomorphies of the agathioid clade. However, the complete fusion of bract and ovuliferous scale (character 19) and the presence of integumentary wings (character 29) on the single seed are unambiguous morphological synapomorphies common to all the MPT. Among the extant species, all the species of Agathis are characterized by the presence of two thin membranous integumentary wings. One of them is obliquely placed with respect to the major axis of the seed, whereas the other is rudimentary. On the other hand, the seeds of Wollemia are circumferentially winged, and only in some cases (e.g., nonviable seeds) is a slight asymmetry observed (Chambers et al. 1998) . The symmetric wings of the seeds of the basal Emwadea and Wairarapaia indicate that this is the plesiomorphic condition of the agathioid clade, and the asymmetry is interpreted as a synapomorphy of Agathis. Future phylogenetic studies may benefit from further studies on the anatomy and morphology of several characters that present variability within this clade (e.g., seed vasculature and insertion) and are often better studied in fossils than in extant taxa (e.g., Agathis spp.). Chambers et al. (1998) pointed out that without a detailed knowledge of the morphology of this lineage, several compressions of leaves and cone scales that would normally be assigned to Araucaria may be better understood as members of its sister group, the agathioid clade.
Conclusions
Using a combined phylogenetic analysis of molecular and morphological data scored for 39 species of Araucariaceae (31 extant, 8 fossils) and more than 300 outgroups, we have been able to reconstruct a well-supported phylogeny of the conifer family Araucariaceae. The simultaneous analyses support the monophyly of the three extant genera and depict Araucaria as the sister group of the agathioid clade formed by Wollemia and Agathis.
Exploratory analyses conducted on the molecular data set suggest that poor ingroup sampling likely was the main cause of the disagreements on the interrelationships of the three extant genera of Araucariaceae among previous phylogenetic studies.
All main clades within Araucariaceae are supported by at least one morphological synapomorphy, including both discrete and continuous characters. Relationships among extant species of Araucaria support the monophyly of the four previously proposed sections of this genus: Araucaria, Bunya, and Intermedia forming a clade that is the sister group of section Eutacta (the most speciose section). In contrast, previously suggested sections of the genus Agathis were rejected by our results. The monophyly of two New Caledonian clades was obtained, one within Agathis and the other within section Eutacta. Two groups morphologically diagnosed by leaf size are supported within the New Caledonian clade of Eutacta. Six out of eight fossil species included in this study were placed within the genus Araucaria basal to all extant species of the genus. This result, although preliminary, is consistent with recently published molecular node age estimations that inferred the diversification of the crown group of Araucaria at the Late Cretaceous-Paleocene. The two remaining fossil species, Emwadea microcarpa and Wairarapaia, were recovered as the stem group of the agathioid clade.
The results of this first combined analysis of Araucariaceae suggest that the evolutionary histories of Araucaria and Agathis were markedly different in terms of the timing of the morphological differentiation; whereas the Araucaria clade achieved its modern morphology at least by the Middle Jurassic, the evidence presented here suggests that the acquisition of derived traits present in extant species of the agathian clade occurred much later, during the Cretaceous or Paleogene. This difference in the timing of the morphological modernization of the two major lineages of araucariaceous genera also explain the lack of a clear Mesozoic record of Agathis, contrasting with the abundant and well-diagnosable species of Araucaria that already had a cosmopolitan distribution during the Jurassic and Cretaceous.
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Appendix A
List of Extant Genera Included in the Phylogenetic Analyses and Number of Species Included for Each Genera
Genera follow an alphabetic order; Araucariaceae genera are indicated in bold.
Abies (21), Acmopyle (1), Actinostrobus (1), Afrocarpus (2), Agathis (15), Amentotaxus (3), Araucaria (19), Athrotaxis (3), Austrocedrus (1), Austrotaxus (1), Callitris (1), Callitropsis (1), Calocedrus (4), Cathaya (1), Cedrus (3), Cephalotaxus (12), Chamaecyparis (5), Cryptomeria (2), Cunninghamia (2), Cupressus (6), Dacrycarpus (2), Dacrydium (2), Diselma (1), Falcatifolium (1), Fitzroya (1), Fokienia (1), Glyptostrobus (2), Halocarpus (3), Hesperocyparis (6), Juniperus (12), Keteleeria (2), Lagarostrobos (1), Larix (9), Lepidothamnus (2), Libocedrus (3), Manoao (1), Metasequoia (1), Microbiota (1), Microcachrys (1), Microstrobos (2), Nageia (1), Neocallitropsis (1), Nothotsuga (1), Papuacedrus (1), Parasitaxus (1), Phyllocladus (4), Picea (33), Pilgerodendron (1), Pinus (112), Platycladus (1), Podocarpus (15), Prumnopitys (4), Pseudolarix (3), Pseudotaxus (1), Pseudotsuga (7), Saxegothaea (1), Sciadopitys (1), Sequoia (1), Sequoiadendron (1), Sundacarpus (1), Taiwania (2), Taxodium (2), Taxus (9), Tetraclinis (1), Thuja (3), Thujopsis (1), Torreya (6), Tsuga (9), Widdringtonia (2), Wollemia (1), Xanthocyparis (1). 
List of Extant Ingroup Species and Corresponding GenBank Accession Numbers
